Current adoptive T cell therapies have shown promising results in clinical trials but need further development as an effective cancer treatment. Here, we discuss how 3D microfluidic tumour models mimicking the tumour microenvironment could help in testing T cell immunotherapies by assessing engineered T cells and identifying combinatorial therapy to improve therapeutic efficacy. We propose that 3D microfluidic systems can be used to screen different patient-specific treatments, thereby reducing the burden of in vivo testing and facilitating the rapid translation of successful T cell cancer immunotherapies to the clinic.
mediate an effector function. However, the use of other lymphocytes as natural killer (NK) cells [1] , dendritic cells, cytokine-induced killer (DC-CIK) [s1]cells [2] and CD4 + helper T cells [3] could all be valid alternatives for cancer immunotherapy. We first review the present state of ACT for the personalised treatment of human cancers with its principal challenges to provide a context for potential microfluidics-based strategies for improvement at early stages of therapy design. We discuss in vitro 3D tumour models that recreate physiologically relevant tumour microenvironments (TMEs) in terms of cellular components and spatial organisation with obvious advantages over traditional 2D models. We focus our attention on microfluidic assays that hold promise for improving current strategies for cancer immunotherapy or helping to design new approaches. Finally, we highlight how microfluidic platforms can be used to test the efficacy of engineered T cells, and thereby accelerate the translation of T cell immunotherapy to the clinic.
Strategies to engineer lymphocytes and approved clinical trials
ACT uses either endogenous tumour-reactive T cells called tumour-infiltrating lymphocytes (TILs) or host T cells engineered to express (i) highly specific T cell receptors (TCRs) for tumours or (ii) chimeric antigen receptors (CARs) derived from the single-chain variable fragments (scFv) of tumour-reactive monoclonal antibodies (mAbs). Additionally, an improved affinity and the inclusion of co-stimulatory molecules, such as those derived from inducible T cell co-stimulator [s2](ICOS), 4-1BB and OX40 [s3] [4, 5] can help to improve treatment efficacy and prevent issues associated with immune tolerance. ON[s4]-switch CAR T cells enable, instead, precise control of the fate of the engineered T cells by smallmolecule administration [6] . Techniques for engineering lymphocytes to express the desired receptor are classified as virus-or non-virus-based approaches. Virus-based methods include retrovirus [7] , lentivirus [8] and lymphotropic herpes virus vectors [9] . Non-virus-based approaches rely, instead, on integration of plasmid DNA [4] or transgenes via electroporation or transposon-based systems [10] , respectively. Other non-virus strategies include RNA-based electroporation and protein transduction of lymphocytes [5] for a transient expression of receptors of interest using mRNA or siRNA without genome alteration and with an expected reduced toxicity compared with DNA plasmid electroporation.
Despite the experimental nature of ACT, several strategies have recently been clinically approved for the treatment of liquid tumours. Clinical trials have yielded promising results for treating relapsed B cell acute lymphoblastic leukaemia (B-ALL) with T cells modified to express CD19 antibody as CAR infused into adult patients [11, 12] or children [13, 14] . Similarly, CD19-CAR T cells were infused into children and young adults with B-ALL or non-Hodgkin's lymphoma [15] . Clinical trials have also assessed ACT against solid tumours. For example, melanoma patients were treated with TIL ACT and high-dose interleukin (IL)-2 following non-myeloablative lympho-depleting conditioning [16] and the overall response rate was dramatically improved. A current Phase I clinical trial is administering HER2 − [s5] CD28 CAR expressing T cells in advanced sarcoma patients and two other ongoing studies are using NY-ESO-1-specific T cells for patients with advanced synovial sarcoma/[s6]liposarcoma or a mixed population of sarcomas concurrently with palliative radiation therapy. A response was observed in four out of six synovial sarcoma patients after lymphodepletion in a previous study with NY-ESO-1 genetically engineered lymphocytes [17] .
Supporting methodologies to improve current outcomes focus on host conditioning regimens, IL-2 administration and immune checkpoint inhibition. The host conditioning regimen relies on chemotherapy aimed at depletion of T lymphocytes and could be administered before or after treatment with the purpose of (i) providing immunosuppression to prevent host inhibitory mechanisms and rejection of the infused T cells and (ii) supporting transferred T cell survival, proliferation and differentiation in a memory phenotype. Although the co-administration of IL-2 was used in current clinical trials [16] [17] [18] , its role remains controversial.
Immune checkpoints have been found to play a crucial part in blocking T cells in the tumour microenvironment by activation of co-inhibitory pathways. Therefore, blocking antibodies have been approved by the FDA, such as nivolumab, lambrolizumab and pembrolizumab, targeting the programmed cell death protein 1 (PD-1); or ipilimumab against cytotoxic Tlymphocyte-associated protein 4 (CTLA-4). The therapeutic role of antibodies blocking CTLA-4 and PD-1/PD-L1 [s7]is discussed in a recent review [19] and additional immune checkpoints are under investigation. The strategy of combining immune checkpoint blockade with T cell therapy could lead to an enhancement of the efficacy of the transferred T cells in treating the cancer and improving clinical outcome. However, the side effects of blocking the natural immunosuppressive mechanisms must be taken into account and appropriately addressed.
Main limitations of current adoptive T cell therapies Poor TCR affinity, toxicity and host rejection
Although various methodologies have been clinically approved, current therapies have met with limited success. These limitations include poor TCR affinity, humoral and cellmediated immune responses, on-and off-target toxicity, poor T cell infiltration and impairment of T cell activity by the tumour microenvironment. Low TCR affinity can be overcome with improved design of the transducing vectors. Moreover, bispecific and trispecific T cells with increased affinity for tumours can be created by introduction of genes that encode TCRs and CARs while either retaining or not retaining the expression of endogenous TCR [20] . Toxicity, however, probably represents a major limitation of cellmediated immunotherapy together with anaphylaxis and rejection of infused cells. Toxicity occurs when T cells attack normal tissue instead of tumours and it is mainly because of the targeting of normal tissues that express the same antigen or epitope of the tumour (on-target toxicity). This is especially apparent when foetal antigens that are typically highly expressed during development and merely downregulated (but not absent) in adulthood are targeted. In addition, low-level expression of tumour antigens in normal cells also makes it difficult to predict the potential on-target off-tumour toxicity. By contrast, when the normal tissues do not express the antigen or epitope of interest, off-target toxicities for TCR-expressing T cells can arise from an unexpected cross-reactivity with normal tissues or by mispairing of the TCR, although the latter has never occurred in clinical trials.
Additional toxicities are commonly manifested after CAR-T-cell administration as the cytokine release syndrome (CRS), the macrophage activation syndrome (MAS) and the tumour lysis syndrome, all mediated primarily by the excessive release of inflammatory cytokines. CRS has been observed, for example, in ACT targeting CD19 as a result of the great release of cytokines by CAR-expressing cells [21, 22] but it can be effectively managed through the use of high-dose steroids or mAbs specific for inflammatory cytokines like IL-6 and tumour necrosis factor (TNF)-α.
Tumour microenvironment
The use of T cell therapy for solid tumours is facing numerous challenges mainly because of the hostile tumour microenvironment. Once the engineered T cells reach the tumour, they need to (i) physically interact with cancer cells to engage the antigen and activate the cytotoxic pathway and (ii) proliferate to maintain a high number of active T cells intratumourally. The TME consists of supporting stromal cells, extracellular matrix (ECM), lymphatic vessels and blood vessels, and these contribute through different mechanisms to limit T cell interactions with the cancer cells ( Figure 1a ). In particular, T cell accumulation and proliferation at the tumour site is limited by the presence of stromal cells. Among stromal cells, cancer-associated fibroblasts (CAFs) often prevent T cell accumulation through secretion of a dense matrix (physical exclusion) and through CXCL12 production (chemical exclusion) [23] . The TME also contains transforming growth factor β (TGF-β) and IL-10, which are immunosuppressive, as well as regulatory T cells that act as a barrier preventing T cells from reaching the tumour [24] .
Immune checkpoints and hypoxia also prevent T cells from approaching the cancer cells by suppressing their effector response. CTLA-4 accumulation on T cells after engagement inhibits T cell co-stimulation and activation. In addition, PD-L1 expressed by infiltrating monocytes, dendritic cells, macrophages and tumour cells [19, 23] engages the PD-1 receptor on T cells to suppress the immune response and block cancer cell killing. Consequently, anti-CTLA-4 and anti-PD-L1 therapies have shown promise in overcoming the inhibitory signalling pathway [25] . Interestingly, T cell intratumoural migration is also negatively affected by the vasculature of the tumour microenvironment known to be leaky and highly irregular. Hence, normalisation of tumour vasculature by blocking vascular endothelial growth factor (VEGF) [26] or by targeting low-dose TNF-α [27] has been shown to improve T cell accumulation. Finally, regulatory T cells in the TME inhibit T cell function but modulation of the tumour stroma, by CAR T cells releasing IL-12, promoting a host immune response against the tumour [28] and resisting the regulatory-T-cell-mediated inhibition [29] .
[s8]
Tumour models for T cell immunotherapy
Owing to the vast range of possibilities to improve patient outcome through adaptive T cell cancer immunotherapy, and because of a widely variable patient response, it becomes crucial to perform preclinical tests of the developed strategies in a fast and reproducible way. One commonly used approach is to test engineered T cells for cancer immunotherapy using 2D standard tissue culture models and murine tumour models ( Figure 1b) [4, 6, 7, 9] . However, Adriani 
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Author Manuscript despite advances in these methods, leading to therapies in clinical trials, substantial limitations remain. For example, murine models are complex, expensive and timeconsuming and 2D in vitro tumour models, although simpler and faster, fail to mimic the native 3D tissue structure or the surrounding tumour microenvironment. To overcome some of these limitations, 3D in vitro models are being developed that offer the capability to investigate the role of the TME in a more physiologically realistic 3D condition compared with standard 2D in vitro assays [30] . TME architecture presents structural, mechanical and chemical cues that affect the expression of essential molecules such as integrins and matrix metalloproteinases that activate signalling pathways to regulate cell adhesion, EMT, migration and differentiation; and, although a degree of simplification is probably needed, it can be argued that standard 2D systems missing the features of 3D tissue organisation that play an essential part in cell growth, function, differentiation and interaction lack sufficient physiological relevance. Additionally, 3D in vitro models overcome the drawbacks of murine models in terms of scalability, cost and ease of use. Isolated cancer cells co-cultured in 3D hydrogels or scaffolds represent a way to study the interactions with lymphocytes [31] in a condition more comparable to the in vivo microenvironment. Thus, 3D in vitro tumour models allowing more physiologically relevant insights into tumour mass and immune system interactions in the TME could represent a more valuable assay for improved preclinical tests for immunotherapies against solid tumours in combination with or as an alternative to conventional methods. It has also been shown that lymphocytes capable of effectively targeting cancer cells cultured in 2D can fail to kill 3D tumours because of their different immune escape mechanisms [32] .
A major approach to creating 3D in vitro tumour models for cancer research is to use spheroids or cell aggregates. Hanging-drop techniques are frequently used (Figure 1b) , where gravity causes cells to aggregate inside a drop of media [33, 34] . Low-adhesion microwells [35, 36] , encapsulation [37] and rotating-wall [s9]vessel bioreactors are also commonly used for aggregate formation [38] . Aggregates can then be suspended in a hydrogel matrix to mimic the 3D microenvironment. This approach can also be used to produce a hypoxic environment, simulating the natural oxygen gradient that forms within tumours as a result of restricted diffusion into the spheroid core. Note that oxygen concentration gradients, although intrinsic to 3D assays, have not been reproduced in 2D culture systems. An alternative to multicellular aggregates from cell lines that preserves tissue heterogeneity is the use of patient-derived organotypic tumour explants as a 3D in vitro tumour model [39] .
One example of 3D in vitro tumour models applied to study T cell immunotherapy was developed by Busse et al. to investigate the immunological properties in terms of tumourassociated antigen (TAA) and antigen-presenting molecules of tumour spheres of different cancer cell lines [40] . They found the 3D tumour spheres to be defective in antigen presentation because of a downregulated human leukocyte antigen[s10] (HLA) expression. As a result, 3D tumour spheres were not efficiently targeted by T cells in contrast to their corresponding 2D cultured cells. Similarly, Feder-Mangus et al. showed that 3D melanoma spheres more effectively inhibited TAA recognition by T cell compared with 2D cultures [41] . In a different approach, Dangles et al. showed that the different cell architecture between 2D and 3D cultures of two bladder cancer cell lines played a major part in TIL 
Author Manuscript activation by measuring their cytokine release [42] . 3D porous chitosan-alginate scaffolds were instead developed by Florczyk and colleagues to study tumour cell interaction with human peripheral blood lymphocytes [43] . Interestingly, Phan-Lai et al. showed that fibroblasts cultured in a 3D scaffold modulated the effect of specific T lymphocytes on breast cancer cells by co-seeding cancer cells, T lymphocytes and fibroblasts simultaneously [44] . Taken together, these findings confirm that 2D monolayers only partially mimic the in vivo condition and support the importance of testing T cell immunotherapeutic strategies in 3D tumour models.
Potential for 3D microfluidic tumour models as preclinical assessment for cancer immunotherapy
In addition to the enhanced capabilities of in vitro 3D models to mimic the physical and spatial characteristics of a tumour microenvironment, microfluidic platforms offer other advantages [45] :
• Owing to their size, they provide savings through a reduction in the amount of biological materials and reagents needed.
• Glass and polydimethylsiloxane (PDMS), commonly used for microfluidic device fabrication, are transparent -representing optimal substrates to perform imaging with standard microscopy techniques.
• Microfluidic devices enable more-precise control of spatiotemporal dynamics and fluids in the TME providing the researchers with the possibility to impose molecular gradient profiles and different oxygen concentration levels.
• Microfluidic systems can draw upon many standardised quantitative assays to analyse biological phenomena, offer the potential for improved cell labelling and imaging techniques and the possibility to perform biochemical analysis on cells cultured in hydrogels without compromising the results from the matrix degradation procedure.
The contribution of microfluidics to cancer immunotherapy is limited thus far, focusing largely on techniques to prepare or isolate cells that could be potentially employed in a cancer immunotherapy strategy. Microfluidic devices show enormous promise, however, in studying underlining mechanisms that are difficult to observe and examine in animal models such as cell adhesion, cell migration and cell-cell interactions. For example, 2D chemotaxis of T cells to CCL21 and CCL19 [46] or chemotaxis of cancer cells and immune cells in 3D collagen gel [47] have been the focus of investigations in microfluidic devices. 2D cancerimmune-cell interaction has also been investigated by Mattei et al.
[s11]who developed a microfluidic device to investigate the in vivo observation on the role of the immune system in melanoma growth further [48] . Specifically, the interactions between wild-type splenocytes and melanoma cells in 2D decreased tumour cell migration; their interaction was reduced when a transcription factor mediating immune responses [interferon regulatory factor (IRF)-8] was knocked-out resulting in higher tumour invasiveness. Another 2D 
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Existing microfluidic 3D tumour models, in addition to 2D microfluidic platforms, can replicate an organotypic TME as reported by Bersini et al. where the 3D model to study organ-specific extravasation included breast cancer cells, osteo-differentiated bone-marrowderived mesenchymal stem cells and endothelial cells [50] . Similarly, a 3D bone microenvironment has been recreated to study prostate cancer cell metastasis [51] or the interactions between bone marrow cells and osteoblasts [52] . Moreover, supporting stroma cells in the TME have been considered to investigate the progression of pancreatic ductal adenocarcinoma [53] or ductal carcinoma in situ [54] . Most recently, Bischel et al. have cocultured mammary epithelial cells, ductal carcinoma in situ (DCIS) cells and human mammary fibroblasts (HMFs) in a 3D hydrogel to study DCIS cell progression [55] . Primary adipose-derived stromal cells were instead co-cultured in a microfluidic system with a 3D breast cancer tissue model for testing nanoparticle-based photodynamic therapy [56] . Importantly, specific mechanisms at each level of the metastatic cascade, such as angiogenesis [57] [58] [59] [60] [61] , EMT [62] [63] [64] [65] , intravasation [66] [67] [68] and extravasation [50, [69] [70] [71] [72] have been successfully modelled in 3D microfluidic platforms ( Figure 2 ).
Here, we propose that novel or existing 3D pathophysiological models within microfluidic platforms could represent an immunogenic tumour microenvironment more relevant than 2D culture to help preclinical screening of T cell therapies (Figure 1 ).
[s12]In these models, the possibility to modulate the 3D environment in terms of cell type, cellular architecture, ECM, administered cytokines and oxygen level offer the possibility to generate physiologically relevant conditions and to compare the antitumour activity of T cells engineered with different approaches. The combination of an in vitro microfluidic system with existing in vivo preclinical studies could, in fact, reduce the ethical and economical burden of animal models helping to speed up translation of only 'optimal' therapeutic strategies to patients, alleviating the unwanted clinical side effects. Specifically, 3D microfluidics models could provide benefits during the R&D step by aiding the design and optimisation of T cell therapeutic strategies and, then, during clinical trials they might offer a fast patient-specific preclinical test to fine-tune the therapy to be administered.
One example of a 3D microfluidic tumour model to explore the interaction between cancer and immune cells was reported by Bai et al. demonstrating the potential for a deeper investigation involving modelling, screening, evaluating and applying therapeutic approaches while reproducing the physiologically relevant microenvironemnt. Bai et al.
investigated the role of macrophages on human lung adenocarcinoma (A549) aggregate dispersions. The microfluidic device integrated tumour cell aggregates in a 3D hydrogel cocultured with different subtypes of human monocyte-derived macrophages and with an endothelial monolayer to recreate a 3D in vitro tumour microenvironment. The tumour-cellmacrophage interactions were tracked by time-lapse confocal microscopy. This microfluidic platform was key to identifying the role of each subtype of macrophages in tumour aggregate dispersion and demonstrated that M2a macrophages promote tumour dissemination by a contact-dependent mechanism through a β2-integrin and ICAM-1 interaction [63] .
These pre-existing 3D microfluidic tumour models could be applied to examine cancer immunotherapies offering the possibility to: (i) introduce multiple cell types in co-culture in a 3D ECM-like matrix for interaction studies; (ii) superimpose chemokine gradients for chemotaxis studies; (iii) visualise in real-time the cell interaction, migration and adhesion; and (iv) modulate the microenvironment with cytokine administration or hypoxic conditions to evaluate the part played by each[s13]. An easy manipulation of the tumour microenvironment to mimic the in vivo situation could enable rapidly screening multiple inflammatory conditions assessing the potential clinical outcome of different therapeutic strategies. As a result, 3D microfluidic tumour models will be useful in the screening of engineered T cell strategies in a more physiologically relevant TME and with control over the spatial cellular organisation.
To meet this need, our group recently developed a 3D multicellular microfluidic assay to analyse the function of TCR-engineered T cells [73, 74] . In particular, T cells expressing hepatitis B virus (HBV)-specific TCR to target HBsAg-expressing HCC cells were produced [75, 76] and the first proof-of-concept was demonstrated in a patient with end-stage HBV + HCC metastatic disease who had undergone a liver transplant [77] . TCR-engineered T cells are currently under investigation in a microfluidic platform. Importantly, this platform enables the testing of a variety of TCR-engineering strategies, supporting cytokine administration and/or changes in oxygen level similar to those typically found in the tumour microenvironment. Ultimately, microfluidic assays will provide insights into the mechanisms of T cell killing of tumour cells and their interactions with tumour cells or with other supporting cells present in the TME. The outcome from the microfluidics experiments will guide the improvement of T cell efficacy and/or the design of novel therapeutic strategies.
Concluding remarks and future outlook
The key role of the tumour microenvironment in adoptive cell-mediated cancer immunotherapy is now widely recognised among immunologists and pathologists. Moreover, 3D microfluidic multicellular assays with real-time imaging and precise control over spatiotemporal parameters are poised to help elucidate the roles played by each cell type involved in this complex interaction. Although the utility of microfluidics is clear, there remain some barriers to overcome before we see widespread use in this application. PDMS, commonly used for microfluidic device fabrication, has limitations such as toxicity caused by the gradual release of non-cross-linked oligomers, or small, hydrophobic molecule absorption. The latter can be overcome by temperature-curing procedures and by coating the microchannel surfaces, or alternative biocompatible polymeric materials can be used for mass production. Other limitations of 3D microfluidics platforms, however, still exist; physiologically relevant matrix compositions and cell types need to be identified to mimic the native tumour microenvironment, and current microfluidic platforms need to be improved to better replicate the physiological complexity of the in vivo system. Despite these challenges, the potential value of microfluidics is evident. Because microfluidics systems can be seeded with patient-derived explants or cells, personalised immunotherapeutic strategies can be identified to fight the battle against cancer. This meets the rising demand for fast and reliable preclinical testing of engineered T cells to screen their efficacy, compare different methodologies and to optimise therapeutic combinations of T cells and immunomodulatory agents that appear to be excellent candidates for therapy. Other synergistic combinations of T cells with radiotherapy or chemotherapy could be screened as well to identify the optimal response and to provide a rational and personalised therapy to cancer patients.
Figure 1.
Pathways for preclinical screening of T cell cancer immunotherapies. Current preclinical models consist of (a) 2D standard tissue culture and (b) murine tumour models. (c) Existing or new 3D microfluidic platforms to study cell-cell interaction, angiogenesis, vasculogenesis, epithelial-mesenchymal transition (EMT), vasculogenesis, angiogenesis, intravasation and extravasation could be used as a substitute for 2D assays and even reduce the need for in vivo testing, providing an improved model for (d) the tumour microenvironment (TME). Abbreviations: CXCL12, stromal-cell-derived factor 1; TGF-β, transforming growth factor β; IL-10, interleukin 10. Representative 3D microfluidic tumour models. (a) Angiogenesis: high-throughput microfluidic platform to screen antiangiogenic therapeutic drugs for cancer treatment [58] . 
